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Abstract .  lonmphcric  total clcc~rmr conlcnt (TliC) data derived from dual-frqucncy Global
Positioning Syslcm (G1’S) signals from 30 globally distributed network sites arc fIl 10 a simple
icmosphcric  shell model, yielding a map of the ionosphere in the ncwthcrn  hcmisphcrc every 12
hours ciuring  tbc January 1-15, 1993 period, as WCII as values for the salcllilc  and rcccivcr
instrumcn[al  hiascs. l<oot-]]]cal~-s~]tlarc  (RMS) residuals of 2-3 TIK: units arc obsm vcci over the
20”-80° iati[udc han(i. Various systcnla~ic  errors affecting the TkK cslimatcs arc discusscci. The
capability of using these global maps to produce ionospheric calibrations fm silts at which no
G1’S clala arc avaiiahlc is also invcstigatccl.

introduction

Radio signals propagating through (I)c I;arth’s
ionospilcrc  incur a pilasc aciv:incc an(i group delay
proportional (O the in(cgratccl  clcclron density along the
signal ray path. Tilcsc effects mprcscnl a significant
error source for a variety of hacking,  navi~a(ion,  radio
scicncc, and radio as[mnomy applications. The IJccp
Space Network (IJSN) is responsible for navigating
spacecraft sucil as Mngclian,  Galileo, an(i Uiysscs  using
single-frequency (S or X ban(i)  l>opp]cr  and range raclio
mc[ric  data. la order 10 naviga(c  accurately [ilc radio
mc(ric data must bc corrcctcd fm the dispersive delay
cf~ccls of cbargccl parliclcs. ]onosphcric  calibrations arc
also rcquirc(i for otilcr purposes sLIch  as corrcc(irrg
singic-frequency Very 1 ,ong Baseline lnlcrfcrmnclry
(VI.BI) nlcasurcmcnls  and for verifying [hc calibration
of tbc TOl’1 iX ciLl:ii-flc(ltlcl~cy altitnctcr. Ia (bc pas( the
IJSN ilas gcncra(cd  ionospilcric  calibrat ions using
l;ara(iay  rola(  ion ciata or (iual-frequency Global
l’ositioning Syslcm (GI’S)  dciay (ia[a from a single (on-
si(c) Cil’S rcccivct  11.a)?yi atld }{ofh, 1988]. These
single-si(c tcci~aiqucs provi~ic only limited sky covcragc
and arc scnsi[ivc  10 dala ~aps.

in or(icr to improve ti]c accuracy of tbc ionosphere
calibrations, the l)SN has begun exploiting an existing
world-wide nclwork  of G}’S  rcccivcrs to pmlucc giobai
l)~aps of vc.rtical total e lectron content  (TIK).  TiIC
continuously opcraling lnlcrna[imlai (i]% Gcociynamics
Sctvicc  (l[iS) nclwork h a d  about 30 slalions,  as of
January 1993, covering a wiclc range of la~i(ucics from
N y  Alcsund,  N o r w a y  to McMurdo,  An ta rc t i ca
[Melbour/Ie  c1 c1l., 1991]. Assualillg a network of 3(I
ground rccci vets an{i a full [il’S constcllalion, T} K can
bc sinlullancous]y  measured on approximately 240
Iincs-of-sight (cigbl at each ground site). Since the
rcccivcrs  arc ciislriim(c(i around Ibc globe, a iargc fraction
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of lhc “k)llOSphCliC  shell” is sampled in just a fcw
boars. ~’hus such a network can u]limatc]y  pmvidc the
capability to make a “snapshot” of the global T}iC
distribution wilh a few-hour or belter temporal
rcsolu(ion, and a lilnc series of such maps will reveal
(11c  cvolu[ion of (I1c global TI;C struc{urc.  l’crforming
a global fll 10 dala from many silts also allows cmc 10
bring much more data (o bear on the pmblcm  of
estimating tbc sa[clli[c instrun~cnta]  biases. Since the
ionospheric ciclay and (11c instrumental biases musl bc
cs[ima(cd  sit~llll[:~l~coLlsly,  wc have found that the tasks
of estimating the biases and mocicling  the ionmphcrc arc
intcr[wincd  a n d  complcmcnlary. Currently, the
unccrtain(y  in (11c  biases is (I]c dominant error source in
producing G1’S-based TIK maps. Using mul[isitc fi[s
ins[cad  of (1IC  ol(icr single-si(c [cchniquc has lcci to
improved hias WIIUCS  as cvi(icnccci by rcciumd ciay-(wctay
scat[cr i n tbc bias estimates [ scc Wil.wt)? and Mann[4cci,

19931.
1 meal nlai~s of TJK over single GI’S rcccivcr  sites

using [11’S  dual-f rcriucncy ciclays bavc hccn ob(aincd
i~rcviously  by several grouils including the authors
[ Roydctl el 0[., 1 984; I,{4ttyi atld  Roth,  1 988; C4tco et
(/1., 1991 ]. ‘i’hc mcthmi  inlro(iucc(i by 1,anyi and Roth
assumes (ha( [bc clcchon  ciis[ribu(ion  lies in a thin shell
at a lixcd ilcigbt above the llarth,  and the mcasurcci
ionosihcric  ciciays arc mmlcic(i i>y a lwo-(liIllcllsiorlal
polynomial function of silcii allgu]ar posi(ion.  in
previous papers wc have cxtcn(ic(i this thin spherical
shc]l  fi[[ing lcchniquc to muilisilc  CH’S data sets using
two-(iill~cl~si(~t~:il si>bcricai (surlacc)  harmonics  as a
giobal hasis. IXiily  ionmpi}cric  Iaaps of the nor[hcrn
ilcmispilcrc were prodLIcc(i for 23 clays in January and
l~chraary of i991 and for 1 i days in Oc[obcr  of 1992
[ Wi[sott  c1 (il., 1992; M(4nt/ucci  c/ al., i 992]. These
mai>s were csscn[iali y a ciai Iy average ionmphcrc, since
cacb fil used 24 hours of GPS {iala. Wc arc currently
invc.stigating  several  ways to imi>mvc the t ime
rcsoiu[ioa  of tile maps in micr (o fully cxp]oil the
po[cntial of the global dala set [see M4z/lrlf4cci  e[ al,,

1993].
la (his  i>apcr (11c surface ilarmonic filling lcchniquc

has ilccn uscci for pcrimis as siml as 12 imrs. Duc (0
i imilcci ionospilcric  shcii covcragc,  the lime span cannel
bc rc(iucc(i  further wi(b  ti)c harmonic fitting tcchniquc.
The tra(ic-o[f  bctwccn  time rcsoiu[icm ami shc]l covcragc
will hc (iiscussc(i  bc]ow.  A da[a SC[ consisting of 15
ciays of (;1’S ciata (January i-i 5, i993) from 30 giobaiiy
distributcci  sites in the IGS n e t w o r k  h a s  b e e n
invcsliga(cci for lhis work. A worl(i  mail showing the
s[ation locations appears in l;igulc  1. Note tha[ only
five of (IIC  si(cs arc in ti)c souli~crn  hcmisphcrc, and (hat
the nmlilcrn hclnisphcrc  sites arc confinc(i (0 a laliludc
ban(i from 25’’-800, cxccp[ for ti]c ionc cciuatmial site al



KOLIIOU,  IJrcach Guiaaa  (KOLJIl).  ‘ J ’ h i s  d a t a  SCI
Ihcrcfore has limi[cd ulilily for s[mlyiag  tbc equatorial
aaomaly. I1OWCVCI , the lCIS nc[workis  growiag rapidly
(45 siics as of November 1993) aad the g,cograpbic
distributim  of si[cs, Imlicalarly  ia South America aad
Africa, contiaucs  k} impmvc with time.

Ionosphwc  Model  and Estimation
Tcchniquc

The thin spherical sbcll model is dcscribcd ia dclail
by 1.aayi aad Ro[h  [ 1988]. 13ricfly,  tbc vertical TIK is
approximated by a spbcrical shell Wi[}l  iafiaitcsimal
tbickacss  at a fixed bcight of 350 km above tbc Jlarth’s
sarfacc. The T] iC is assumed to bc t imc-i adcpcadcat  ia
a rcfcrcncc  frame fixc(i  with respect (o the Iiartb-Sua
axis for several hours, ‘t’hc ia(crscctioa  of the liac-of-
sighl from (I1c rcccivcr  10 (hc salcllilc with the spbcrical
sbcll defines a “sbcll” lati[udc am{ lm~gitadc,  wbcrc  the
Ycro  of shell Ioagi(adc poiats  toward  the Sua aad the
lati[udc is dcfiacd relative to Ibc liarlh’s  equator. The
]iac-of-sight Tll~ is assLImcd 10 bc related 10 the vcr(ical
TliC by aa clcvalioa  mappiag faactioa  M(E), which is
(11c silnplc geometric slaat ra(io  at the shell height h:

M(li) = { 1- [cm E /(1 + h/R)]2 ]-’/*

wbcrc  Ii is (I1c clcvatioa aaglc aad R is tbc radius of the
liar(l). l)ual-frequency G1’S  obscrvatioas  pmvidc
mcasLIrcmcnts  of Iiac-of-sighl 1’1 lC, hut arc complcd  by
iashwmcatal  delay biases bclwcca lhc l.l and 1.2 signal
paths ia lbc salcllilc  Itaasmit(ct’  aad grouacl  rcccivcr.
I“hc ias[rumcalal bias caa hc mcasarcd clircctly for some
grouad rcccivcrs,  hut (I1c sa(clli(c traasmittcr  biasc.s
mLIsL hc cs[ima(cd or oh[aiacd  f r o m  aa iadcpca(ical
source. The ]iac-of-sigh( diffcrcaiial  clclays for the itb
rcccivcr lookiag al [hcjth  G1’S sa[cllilc  caa bc modeled
by (IIC  followiag cxpmsioa:

II.(JS ;j = Ti + zsj + K  kf(k’u ) TIKXOU  d;j )

Where  ~lm ,, is (I1C liac-of-sighl  diffcrcalial delay, ll;
is (1)c bias fo~ [hc i[h rcccivcr, Tsj is the hias f~] the j[h
satellite Iraasmillcr, K (= 0.35) is a coastaat  rclatiag
diffcrcalial  delay at 1. baad ia tlaaoscconds  (ns) 10
icmosphcric  I’l;C. ia l’liC uaits ( 1 TIKXJ = 1016 cl n~

-

2 ,  M(llij  )  i s  (I)c clcvatioa  mappiag  fltl]cti~t~, aad
Tt’K(OU  ,@o) is (IIC  vctlical TK al shell l~l~illl~~c ~jj al~~i
sbc]l  Ioagi(adc  ~ij . The vctlical  TIK over the ca[irc
globe. caa ~hct~ bc III to a surface harmmic  cxpaasioa ia
O aad $, while simal(ancoasly  cs[imating the rcccivcr
ami salcllitc hiascs.



I’here is a [radc-off  bctwccn  shell covcragc  and
temporal rcsolu(ion when producing large-scale T1iC
lnaps fto]n GI’S dala. I’O achicvc  adequate shell
covcragc given a limited number of ground sites and the
gcotnclry and angLIlar vclocily of lhc G1’S satcllilcs,  a
ccrkiin pcriml  of time must pass so that the line-of-sight
from the ground silt 10 lhc salcl Iilc can lravc.rsc a region
of (I1c ionospheric sbcll. IIowcvcr,  the ionosphere is
changil~g during this period 01 lime so lhc data span
should bc minim i~,cd in mtcr to optimim the accuracy
ancl lclnporal resolution of lhc. maps. I:igorc  2 shows
[bc sbcll covcragc for data arcs of 24, t 2, and 6 hours on
January 5, 1993. The lm~gitudinal  covcragc for the 24-
and 12-hour data arcs is actcqua[c,  but the covcragc for
(11c  6-hour dala arc is too patchy in longiluclc to yield a
rcasoaablc  surlacc  harmonic fit. Note (hat for lhc 12-
hour data arc, the equatorial covcragc spans only half of
lhc Iongitudc range since lhcrc is oTlly onc equatorial
ground si(c (as of January t993).

The  ionosp}lcrc  model  used is  obviously  a
simplification. l’hc notion of “lnappiag  to vcrlical”
makes sense only when horimntal  ?’11~ gradients arc
not 100 large. The assumption that the ionospheric
shctl  bcight  is constanl  cvcrywhcrc  i s  a l s o  a n
:\l>I>rc)xil~l:itioi~. Silnula[ions  with CMapman prof i les
show that the functional form for the thin-shell
mapping functions  act ant I y approximates the mapping
function for dis(ributcd profiles as long as (}IC height is
chosen correctly (G. IItijj, private col]llllllllicatioll,
1993). IILI1 choosing (11c  incorrccl  height can lead to a
hiascd estimation of vcr[ical TIK atong a salcllilc track.

A n o t h e r  Iimitatioa of [his a p p r o a c h  i s  (hc
problematic assumption (hat lhc i o n o s p h e r e  i s
indcpcndcnt of Iimc over several hours in lhc Sun-fixed
rcfcrcncc Iramc.  ‘1’hc ionosphere at a fixed shell location
will vary in Iimc as a rcsLI]l of variations in the solar
flux and other (iynamics,  such as traveling ionospheric
disturbances. More impor[an(]y, a line of constant
gcomagnc(ic  laliludc  varies in time by il 10 over 24
h o u r s  a s  cxprcsscd  in lhc Sun-fixccl  ]ongitudc ancl
geographic t ati (udc comlinalc systcnl,  duc to the offscl
bc(wccn  tbc magnc(ic  and rotational poles of the Iiarth.
Thus the longer the span of dala in a fit, the more onc is
averaging over magnetic-ally in flucnccct variations in the.
ionosphere.

The accuracy Or the ionospheric T1 iC maps obtained
from GPS daIa is s[rongly afl’cc[cd  by unccr[aintics  in
lhc salcllitc :ind rcccivcr biases. ‘1’hcsc  can bc cstimatccl
indcpcndcnl]y along with lhc ionosphere since ~hcy do
not share (I1c same elevation angle dcpcnclcncc  as the
I’lK. IIccausc lhc elevation mapping function is only
approxilna(c and lhc ionosphere at a fixc(i shell location
is changing during (IIC (imc span of the rit, the
ionosphere may bc syslcmalical  I y mismodclcd, Icadi ng
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10 :in impmpcr  separation of lhc clcvatioll-clcI>ctJclclll
TIK from the clcvatioi~-il~(lcl> cl]clcl~t biasc.s. As a result,
Ihc him cs(ima[cs obtaincct from any cmc fit may bc
coIrLIp[cd  by ionmphcric  mismocicl ing. However, the
hiascs arc mns(an[ on a timcscaic  of weeks to months,
so hcllcr hias vai LIcs can bc obtaincci by averaging the
cstimalcs from many fits over 10-15 ciays.

To furtilcr  rc(iucc tile e f f e c t s  o f  i o n o s p h e r i c
misnmici  ing, the cs[in~a[ion  proccdurc can bc applied
u s i n g  oniy nighl[imc  (iala, wilcn the ionosphere is
smalicr ami ICSS variable, an(i tbcrcforc lCSS susceptible
(0 mmiciing errors. Nigi~ttimc (iaia arc (icfinc(i  (o bc
those observations wi[h  cclip(ic silcli longitucics in the
nigilllimc  (iua(irant opposilc  lhc S u n .  llnforlunatcly,
ti~is s(ratcgy is also problematic since at nightlimc,
when [i]c 1“2 ]aycr (lhc parl approxi malc(i by the shell) is
iow, the pro[onospbcrc can cm~tribu[c  as much as 50~o
of Ihc totai I’lic. [D(/t~irLY, i 980].  The best strategy for
csiima[ing  the biases migilt bc to usc night[imc ciata
from oniy iligil-lalitu(ic  silts where there is no
pro(onosp}lcrc  conlrihulicm,  but then onc has to worry
abuut [hc aurora. (In more rcccn( work wc have
abaa(ionc(i  (i]c probicma[ic night(imc stra[cgy since wc
obscrvc(i tilat Ihc nigilitimc  an(i ciaylimc glohai f i t s
yicl(ic(i very simiiar biases anyway.)

T h e  foliowing  cslimalion  stralcgy  was used 10
prmiucc tbc globai maps prcscntc(i  in this paper. Each
muitisi[c (ia(a arc is fit in a two-step process: first, the
nighllimc  (iala aionc arc fit 10 (iclcrminc rcccivcr  and
satciiitc  biases, an{i then, fixing the hiascs al average
vaiucs ohluinc(i from nighllimc fi[s performed over 10-
15 (iays,  [ilc fuii (iaytimc  an(i night[imc  ciala sc~ is uscci
to cs[imatc  the global ionospilcrc. in both steps the
vcr~icai TI i~ is mo(icic(i  by Ii[ll-micr surface harmonics.
Oniy TIX-2  ohscrvations with ctcvaficm ar]gics above 10”
i]avc i3ccn usc(i in (i]c lils. l:or a 2-minulc  ciala rate
from 30 rcccivcrs,  a fuii 12-i]  our fit consists of
approximately 60,000 observations. Since the
ohscrvab]c is scnsilivc only 10 lhc sum of tile rcccivcr
an(i satcliitc  hiascs, scvcrai of [hc rcccivcr  biases arc
c{)lls[r:lillccilig}ltiy  (a priori sl:ill(i:lr(i (icvi:itiorlof 1 nsor
3 T1iCIJ) (o vaiucs  basc(i  o n  pcrio(iic  rcccivcr
calibrations, wiliicthcrcst ofti]crcccivcr biascsan(i  ali
of ti~c sa[ciiitc  biases arc csscntialiy  uncwns(raincci.
‘1’bis stralcgy aiiows onc 10 [iclcrminc  ahsolulc  levels for
lilt salcililc an(i rcccivcr hiascs, an(i il rc(iaccs scnsilivily
(o a single crmncous rcccivcr caiiblation.

Neslllts

Multisi[c fits of the G1’S cia(a from 30 IGS silts were
pcrformcci for tile Jan LIary I -15, 1993 pcrimi. Since the
m:~jori(y of ti]c silts arc in tile northern hcmisphcrc,
rcsuils arc prcscnlc(i  oniy for a ]imitcci lalitucic band of



20” to 80” N, A contour map of vcrlical  TEC ohtainccl
from a 24-hour fit on January 4, 1993 is shown in
l;igarc  3. ‘1’bc TliC is cxprcsscd ill (bc usual TEC units
where 1 l’liCIJ  = 1016 c1 nl-2. Note the peak in the
ionospbcrc jLIsl cast of ()” Iongilodc  (tbc Sun axis) and
(I]C  characteristic fall-off al nighllimc. I;igurc 4 shows
contour maps of Ihrcc 12-hour  fits covering the period
of O(NO lJT on January 4 [o 1200 LJ’1’  on January 5.
These maps arc rcprcscn[alivc  of (11c  30 12-hour maps
produced for the 15- day pcriml. The temporal cvolulicm
of ionospbcric TIIC can bc invcsliga(cd  by examining a
[imc series of global I’l;C maps. LJsing a false-color
rcprcscntation  of T] N, a color ionosphere movie has
been produced from the scqucncc of 30 12-hour maps.
The progressive change in the ionospheric struclurc  over
days to wcclis  is qui[c evident in the color movie.

To dctcrminc  the accuracy of the harmonic fits, a
map has also been made of the vcrlical  residual
ionospbcrc  (obscrvc(i Tl K mapped to vcr(ical  minus the
fi[). Iiigurc 5a shows a gray-scale map of the vcr(ical
ro(~t-l~~c:lt~-s(lll:ilc (l< MS) residuals for the 24-hour fit
s h o w n  i n  l;igurc 3. I’hc n)ap i s  f o r m e d  b y
accumulating the RMS of tbc residuals into a 1 ‘-by–1 o
grid in Ia[itadc and longiludc. While boxes rcprcscnl
grid squares for which lhcrc arc no data as a satellite
track never passed through Iba[ square. The rcsidoals
range from () to 201’1 iCIJ bat most arc in the range of O
(light gray) [o 10 (black) TliCIJ. The total RMS of the
residuals is 4.3 T1iCLJ. NoIc that the residuals arc
hclow 5 T1iCLJ nearly cvcrywhcrc  in the 20”--80”
Iatitudc  hand. [)nly in a locali~cd region near 20°
Ia(ilodc, wbcrc [bc covcragc is s}xirsc, do the residuals
rise above 10 1’} ICIJ. ‘I%c vcrlical RMS residuals for
(IIC  12-hour map in l;i.gurc  4a arc shown in I;igurc  5b.
The total RMS of tbcsc rcsidaals  is 2.1 “1’ IICU.  Note
tha( the rcsi(iuals for the 12-hour map arc smaller than
those for lhc 24-hour map, as cxpcctcd, since for the 12-
bour fits there is ICSS  iimc-avcra~ing  than for the 24-
bour fils. lk~r the 24-hour fit there can hc (WU
observations al (I1c same sbcll position separated by
nearly 24 hours . If (I]c ionosphere has changed
Suhslalllially, lbc IW O  observations will not bc
mnsistcn[  and Ihc fi[ cannot  ma tch  bo[b  of thcm,
resulting in a large residual. This effect may also
account for lhc lalgc  residuals in the lower latiludc
region of lhc map, since in this region val-iations  duc to
(}1c  magnetic pole ro[a(ion  arc cxpcc(cd to bc Iar.gcst.

Anolhcr  way to cbcck  the  robustness  of  the
cslimalion slralcgy is 10 remove onc or more silts from
the da[a sc[, perform a fil with lhc remaining sites, and
lhcn calculate (11c  vcr[ical residuals for the observations
at (I1c removed sites. The rcsull is a measure of how
WC1 I the maps prcdic(  tbc T] K a~ shell locations where
tbcrc arc no dala. IJigarc 6 shows a plo[ of the lJsuda,



lapan  (USUI>) vmlical residuals versus sbcll ]Ongimde
for a 24-hoLIr fit on January 5, excluding the LJsuda data.
lixccpI for a fcw GPS tracks near the Sun axis, the
residuals arc below 5 l’liCIJ  in magnituclc. The
residuals arc essential 1 y unchanged when (I1c data from
lJsuda arc added to (I)c fi(. Tbc 1(MS of’ the residuals
without Usuda daIa is 2.8 ‘i’liCLJ;  with Usuda  data i[ is
2.6 q’llCLJ. This striking rcsoll il]uslratcs  both lbc
benefits and problematic aspects of 12- or 24-hour
SLllfHCC harmonic fils. Using a long span of data and
filling tbc data on a Sun-fixcci  sbcll cffcctivcly spreads
the Iongit udi nal covcragc, so the ‘H iC above LJsucia can
bc estimated by using data froln sites which cover
LJsuda’s la(iludc  band but arc lcmolc  in Iongitudc.
Thus, using harmonic fits to produce global maps gives
onc (I1c capability (o predict tbc vcr(ical  TIIC at a si[c
wilt) no GPS rcccivcr  (or no data that day) by using
(31’S  dala from rcmolc sites. IIowcvcr,  near the SLln
axis where the ionospbcrc is large and can cxhihi( Iargc
temporal fluc[ualions, the temporal averaging inherent
in the fits may Ica(i 10 large errors. Wc anticipate that
(ilc ilarlnonic fitting strategy wiii bc more cffcc[ivc in
tile mi(iiatitu(ics  where the ionmphcrc  is bc[[cr  bchavc(i
(fewer large Icmporal fiucluations)  than in lhc equatorial
an(i aurorai regions.

TO invcstiga~c (I1c accuracy of Ihc remote calibration
capabii ily, onc can look al lhc vcr(ical ‘H [C aimvc a site
during a 24 -ilour pcrio(i, as prcdic[cd by a global map
whicil (iocs  not inclu(ic G1’S  data from [hat site. This
prc(iict ion can Ihcn bc comparcci to estimates obtai ncci
from single-site and globai fi(s (ha( C1O usc (}1c  data from
(hat silt. l;igurc  7a plots tbc vcr[ical T1iC directly
above (i]c Golcis@nc  (C1OI .lJ in I;igurc I ) rcccivcr site
versus (i mc for (hc 24 hours of January 5 as prcciiclc(i by
five (ii ffcrcn~ fits: (1) a single-si(c fit of Goldstonc  data,
(2) a 24-hour global fit inclu(iing tile Gokis[onc  (iata, (3)
a 24-hour glob[it fi( excluding the Golds(onc  data, (4) a
pair of 12-ilour giobal fi(s inclociing  the (hldstonc data,
and (5) a pair of 12-11ou1 g,lohal fits excluding the
Gokislonc (ia[a. The five predictions agree to wjthin a
fcw TliC units. l;igorc 7b simws a similar plot of the
five prc(iictions for (ilc T1!C aimvc the lJsuda si(c. The
LJsuda site is more isolalcd than Ihc GoJdstcmc  silt, hut
for Ihc 24-hour global fits the agrccmcnt  with the
single-silt fit is still cioitc gooci,  since llsucta’s latitude
band is well covcrcd  by olhcr sjlcs.

I’ilc cffcc( of choosing an incorrccl  elevation mapping
fonction  ilas i~ccn invcstigatc[i  by performing the
cslim:ilion proccdurc  with a different clcvalion all~lc
Culofi’. Two 24-imur  maps were macic using 100 and 20”
clcvalion angle cutoffs. ‘J’hc (ii ffcrcncc  map shown in
liigurc 8 was formed by diffcrcncing  (WO t “--by–l 0 grids.
Ti]c (ii i’lcrcncc  gri(i poin[s i~avc a mean of -0.14 T1 I(;U
and n s[an(inrci  (icvia(  ion of 0.85 I’IX2U.  The map has
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been rcstric[cd in lati{uclc range to 30”-80° since the
Iargcr elevation cutoff  rcdLIccs lhc covcragc  in the
Iatitudc range of 20”-30”.” Nrrtc tba( the ciiffcrcncc  varies
smootilly bc[wccn  pmitivc  aaci negative val Llcs. This
coLtl{i correspond 10 a .wnoolbly  varying crrm in shell
hcigbt  over the given regions. I/or both maps a
constant  shel l  hcigbt of 350 km is assumcci. If the
“cffcctivc”  sbcli hcigh( is Iargcr (smalicr) ti~an 350 km,
tbcn mapping errors at iow elevation will caLlsc the
ionmphcrc (o bc Ll]~ciclcs[it~~alcci (rrvcrcslimatcd).

Conclusions

A worid-wi(ic nc[work  of G1’S r’cccivcrs  provicics a
unique oppor[ani[y  10 continuously monitor the
ionosphere on a global scale. While (1w IGS network
Iwi scvcrcl y 1 imitc(i equatorial and soLlthcrn i~cmisphcrc
covcragc  as of 1992, approximately 15 rcc.civcr sites
were a(idcci in I 993 an~i mrwc  will come on-line in the
lIC:II’ fll(L1l’C. 1,argcr, more uniformly distributc(i
nc[works  will provide cicnscr longitudinal covcragc for
shorlcr ciata arcs, enabling ionospbcric  mapping with
hourly or subbourly lcmporal rc.solLltions. Since the
lGS network is pcrmancnl and continuously opcra(ing,
iloLlrly global ionospheric Jmps could bc procluccci
continuously,

Wc have pro(iuccci global T1 K maps every 12 hours
for 15 (iays in January 1993 by fitting vcrlical TIT
mcasurcmcn(s  f r o m  30 GI’S rcccivcr  si[cs to a two–
ciimcnsion:ii spbcrical  harmonics basis. Since [hc
m:ljori[y of Ihc rcccivcr  silts arc in the northern
hcmisphcrc  for this ciam SCI, the maps arc only useful
for  LiIC lati(udc  ban(i of 20”-80” in  the  norlhcra
hcmisphcrc. The RMS of ti]c fi[ rcsi(iuais  is ICSS than 3
TliCLJ for ti)a[ Ia(i(ucic hand. By filling the data On a
Sun-fixcCi  she] i, wc have. (icvclopc(i  a roLIgh capability to
prcciicl  lhc ionosphere at an isolalc(i  site using (H’S  data

from other sites in the same lati(ucic band. Preliminary
rcsulls  ia(iicalc  timl, for si(cs ill the Inicilalitlldcs, tile
giobai maps arc able 10 prc(iic[ [bc (iiurnal curve of
vcr(ica] TliC  over  a  si(c to wiihin 5 TIKl~J. l;urlhcr
stu~iy an(i comparisons to in(icpcncicnt  ionosphere
mcasurcmcnls will bc rcquircci  10 verify the accLlracy of
the global maps.

Ti]c surface harnlonic  fitting tcchniquc used in this
analysis limils  (hc maps 10 a [imc resolution of 12
imurs or Iongcr. l} floris arc under way to improve the
time resolution by using a bc(tcr  SCI of basis functions.
A disa(ivantagc  of surface harlnrrnics  is that ti~cy arc
nonzcro  over ti~c entire spbcrc;  [hey have “global
supper l.” )k)r  investigating ionospheric bcbavior on
limcscalcs  mLIch  si)orlcr  lhan 12 h o u r s ,  il wil l  bc
ncccssary (O usc basis functions with “local sLqylorl,”
that is, basis fundions  wbicil arc nonzcro only over a
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limited urea of lhc shell. Wc arc developing a triangular
intcrpola(ion tcchniquc in which the ionmphcric  shell is
tiled with triangles and lhc T1iC at each vertex is
estimated by local in(crpolation  of the T1lC. data within
(I]c lrianglcs. I’bc ‘J’1 iC at each vertex is treated as ii
stochastic parameter (random walk) and is upcizrtcd every
hour [rkff~ntlf(cci et fll., 1 993]. lJsing the local triangular
basis with a stochastic  cs(ima[ion  strategy  s h o u l d
produce more accuralc  maps when covcra~c is sparse.

A s  w c  g a i n m o r e  cxpcricncc  with m a p p i n g
lccbniqucs, wc  aa(icipalc lhal a  more physical
paramc~cri  ~,ation of (1IC  ionosphere will bc required to
accurately model the high- la(itu(ic anti equatorial
ionospheres. ‘1’hc physics of [hc three ionospheric
regions (cquatmial,  midla[itudc,  and aumral)  is quite
dislincl.  la regions where data covcragc is sparse, a
priori i nforma[  ion from a semi -cmpirica] ionosphere
model wbicil incorporates the relevant ionospheric
physics (e.g., the l]cnt lf~e~lf e/ al., 1976] or PRISM
nlodc]s  1A tdet’son, 1993]) COL)ld  bC lJSC.(i  t O blid~C t h e

gaps  in  the dala.
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Figure  1. ‘1’his m a p  shows Ihc GPS rcccivcr  Ioca[ions for
Ihc lntcrnationtrl  CiPS Gcodynamics  Scrvicc  (IGS).
Rcccivcrs  a[ the locations denoted by a solid circle pmviclcd
(he dala oscd in this paper. Additional locations (hat
bccamc available as of March 1, 1993, arc dcnrslcd  hy a
cross.

F i g u r e  2 . ionospheric shell covcragc plots for the
rcccivcr  network of I;igure I (solicl circles only) for three
time in(crvals  on Janoary  5, 1993. A point is plot[cd at the
shell inlcrccpl prrinl for each link bclwccn  a rcccivcr and
sntcllitc lransmit[cr.  A Sun-fixed crso[-dinatc syslcm is used
for (hcsc plots: 0“ longitude is (he Sun-I;arlh  dircclion,  and
(he 1 iaI-Ih rotates undcrncatb. ‘1’bc la[itodc of (his sys(cm is
the same as geographic. (a) Coverage for the period 0000-
24(K) U’1’;  (b) covcragc for 0000-1200 U-f; ancl (c) covcragc
for 06( K- 12(N U’1’.  Since there  is only a single rcccivcr  in
the cquatrsrial  r e g i o n  a[ Kourou, ffrcnch Guiana,  [he
equatorial covcragc  is quite sparse for the 6- and 12-boor
periods,

F i g u r e  3. Global  ionospheric l’IiC distribution for
January 4, 1993, derived from a 24-hour fit. Contours arc
]abclcd  in unils of ‘1’IW (equal 10 10’6 cl n]-2). Zcm dcgrccs
Sun-fixed longitude corresponds to local noon. As
cxpccIcd,  the ionosphere peaks in the low I:i(itudcs  on the
daysidc aroond  30” Sun-fixed longitude (1400 1.1’), falls oft”
with increasing latitude, and rcachcs  a minimum on the
ni.ghlsidc.



Vigurc 4 . Globnl  icsnosphcr’ic  ‘1’I~C  dislr’ibLl[icrn  f o r
January 4-5, 1993, derived from three 12-hour fits,
Con[oum  arc labeled in oni[s of ‘1’JK (equal 10 1016 cl n]-2).
(a) l:it of data from 0000-1200 U’]’ on Janaary  4; (b) fit of
data from 1200-2400 (1’1’ on January 4; and (c) fit of clata
from fJOO()-  12(N Url’ on January 5.

Figure  5. Gray-scale map of fi[ rcsidaals  on January 4,
1993. RMS residuals were accumulated into a 1 ‘-by-1 o
grid. Wbitc  boxes am regions withoat  covcrap,c.  I’hc range
is fron~ O (lighl gray) to 10 ‘1’liCU  (black). (a) Rcsidaals for
a 24-hour fit (totai RMS  = 4,3 ‘1’liCU).  (b) Residuals for a
12-hollr  fi( asing  da[a from 0000-1200 [JT (total RMS = 2. J
“1’lEU).

Figure 6. Vcrtica[ rcsidaals (observed mapped to vcr[ical
minus (hc lit)  for Ihc LJsLKla si[c on 93/01 /0S. ~’hc fit is a
24-hour fit excluding Ihc (Jsuda da[a. I’hc Iargcs[ rcsidaals
occar daring Ihc daylimc (near 0“ in Surl-fixccJ  Iongitudc).

Figure 7. Vcrlical  ‘1’liC dircclly ahovc (a) Cioldslonc  a n d
(b) LJsada  during the 24 hours of January 5 as prcdiclcd by
five diflcrcnl  fils. ‘1’hc solid line is Ihc single-si{e fit and
the other Iincs arc global fiis. Notice lha[ the global fits
cxclading data fror~)  lhc chosen si[c arc within a fcw ‘J’l;C
aai(s of lhc sin.glc-site fil.

Figure 8. ‘1’hc diffcrcncc of two 24-hour ‘f’llC maps which
di f fer  in  clcvalion  an.sglc culoff 200 versus 10“. ‘1’hc
diffcrcncc  map is formed by diffcrcncins  two 1 ‘-by-10
grids. No[icc (hat Ihc diffcrcnccs  arc small (1 -2 ‘1’lKLJ)  and
nearly Ycro mean, which indicates lhal including data down
10 10” dots not significantly al[cr tlIc maps.

l’igure  1. ‘1’bis map shows tbc GPS  rcccivcr  locations for tbc lntcrnalional  G1’S  Gcodyllamics  Scrvicc
(IGS).  Rcccivcrs at Ihc Ioca(ions denoted by a solid circle provided the data used in this paper.
Additional locations (hal bccamc available as of March 1, 1993, arc dcn{~lcd by a CIOSS.

Figure 2. ionospheric shell covcragc plots for lhc rcccivcr  network of l;igarc  1 (solid circles only) for
three time in]crwa]s  cm January 5, 1993. A point is ploIIcd :it the sh{ll intcrccpt Jminl for each link
bctwccn a rcccivcr  and salcllitc  lransmitlcr.  A Sun-fixed coordinate systcm is a$cd for these ploIs:  0“
longitadc  is Ihc San-l ;arlh direction. and (IIC  I;arlh mta(cs undcrnca(h. ‘1’hc Ia[i(adc  of this systcm is (hc
same as geographic. (a) Coverage for Ibc period 0000--2400 IJ’I’; (b) ctwcragc for 00(KO  12(M U’1’;  and
(c) covcragc for (KKK- 1200 [1’1’. Since there is only a sin~lc rccci vcr in the cqua(orial rcpion al KOUrOU,
Ikcnch Guiana, Ibc cqaatorial  covcragc  is qui(c sparse for the 6- and 12-hoar periods.
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Figure  3. Global ionospheric ‘1’IK; distriba[ion for January 4, ]993,  derived from a 24-hoar’ fit.
Contoars  arc Iabclcd in unils of ‘f’IiC (equal 10 1016 c1 in-2). Zcl<)  dcgt-ccs  San- flxcd Iongi(aclc
corfcsponds  10 local noon. As cxpcc[cd, [hc ionosphere peaks in the 10)v latiladcs on [hc (i:iysidc  at-oand
3fJ” Sua-fixed kmgiludc (1 400 1.’1’),  falls off wilh increasing latiludc, and rcachcs  a minilnam on the
nighlsidc,



Figure 4. Global  ionospheric ‘1’liC distriba[irrn for’ January 4-S, ]993,  derived from Ihm ] ?-hour fi[s.
Ccrnlours  arc Iabclcd in unifs of ‘I’l IC (equal 10 10]6 c1 nl-z). (a) I;i( of dala from 0000-1200 U’1’ on
January 4; (b) fit of data from 1200-2400 (J’]’ on January 4; and (c) fil of da[a from 0000-1200 U’]’ on
January 5.

Figure S. Gr’ay-scale map of fiI residuals cm .January 4, 1993. RMS residuals were accl]mulalccl  into a
I‘- by- I” grid. Whi(c boxes arc regions without covcragc. The range is from O (lIghI gray) 1010 l’l\CLJ
(black). (a) Rcsidaals  for a 24-hour fit (total RMS = 4.3 I’IK’U).  (b) Residuals fcw a 1 ;!-hmu fi[ using
da[a from 00(K-  120011’1’ (total RMS = 2.1 ‘1’liCIJ).

Figure 6. Vcr(ical  res iduals  (ohscucd mapped 10 ver t ical  minus Ihc fit) for Ihc lJsucia silt on
gq/ol/()~,  ‘l’hc flt is a 24.]loLlr fi( Cxc]uding the ~JsLlda da(a, I’hc Iar},csl res iduals  occur dar ing  (hc
daylimc (nc:ir 0“ in Sun-fixed Irmgiludc).

h’igure  7. Vcr(ical ‘1’IIC directly above (a) CioldsIonc  and (b) lJsuda daring  the 24 hours of January 5 as
prcdictcd by five different fits. ‘1’hc solid Iinc is the singJc-site fit and the othcl- lines arc global fits.
Notice [ha( [hc global fits excluding data from lhc clmscn  si[c arc withiil a fcw IYIC  unils of the singlc-
sitc fit.

Figtlrc 8. ‘1’hc  diffcrcncc  of two 24-hour I’l K maps which differ in clcva[icrn  angle cu[{lff: 20° versus
100.  ‘]’hc diffcrcncc  map is formed by diffcrcncing  two 1 ‘–by- I o grids. Notice that the diffctcnccs  arc
small (1 -2 ‘1’liCIJ) and nearly zero mean, which indicates that including da[a down to 10“ dots not
significantly nllcr the maps.

Vigure 1. ‘1’his  map shows IJ~c CiPS rcccivcr  locations for (hc lntcrmational  GPS  Gcodynamics  Scrvicc (ICiS).  Rcccivcrs  at
lhc localions dcno(ccl  by a solid circle prxsvidcd the data used in this paper. Additional locations that bccamc available as of
March 1, 1993, arc dcnoIcd  by a cross.

Yigure  2. Ionospbcric  shell covcragc  plots for the rcccivc] nctworl.  of I;igurc 1 (solid circles only) for three tirnc
intervals on January 5, 1993. A point is plotted at the shell intcrccpl point for each link bctwccn a rcccivcr  and satcllilc
transmil(cr.  A Sun-fixed coordinate systcm is used for these plots: O“ longitude is the Sun-l iarlh  dircclion, and the Iiarlh
rotates undcrnca(h. ‘1’hc la[itudc of [his systcm is the same as ~cograpbic. (a) Covcra~c  for IJW period 0000-2400 LJ’1’; (b)
covcragc  for 0000--I  2(N LJ’I’; and (c) covcragc for 0600–1 200 lJ’I’. Since there is only a sirlg,lc rcccivcr  in the equatorial
region at Kourou,  IFrcnch Cluiana,  the equatorial covcragc  is quite sparse l(w the 6- and 12.I1oL11 pctiods.
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